New dithienogermole-based conjugated polymers were synthesized by the Stille coupling reactions of distannyldithienogermole and dibromoarene, and their photovoltaic properties were studied. These polymers possess low band gaps with broad absorptions covering the 400-800 nm range, and exhibit good film forming properties. Bulk hetero-junction solar cells prepared from blends of these polymers with PC 70 BM exhibit high power conversion efficiency up to 2.38%.
E-mail address: jo@hiroshima-u.ac.jp 2 an advantage of PSCs [1, 2] . Much attention has been focused on bulk hetero-junction (BHJ)-type devices whose active layer is composed of a mixture of an electron-donating conjugated compound and an electron-accepting fullerene derivative, such as PCBM [3, 4] .
To date, a variety of π-conjugated donor-acceptor (D-A)-type polymers with low band gaps and low-lying HOMOs have been designed and investigated as donor materials for PSCs, as those polymers can absorb solar light of a wide wavelength range and provide high opencircuit voltage (V oc ) [2, 5, 6] . Dithienosilole (DTS), silicon-bridged bithiopehene, has been studied as a unique π-conjugated system with low-lying HOMO and LUMO [7, 8] and often employed as the donor component of D-A-type polymers for PSCs [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . It was recently demonstrated that use of a DTS-benzothiadiazole alternating polymer (DTS-BTA) leads to high-performance PSCs with high power conversion efficiency (PCE) of 5.1% compared to its carbon analogue (DTC-BTA) [9] (Chart 1). This is due to not only the unique electronic states of DTS, but also the capability of the DTS polymer to form higher crystallinity films when blended with PCBM. Similarly, dithienocyclopentadiene-based polymer DTC-Tz was modified by replacing the ring carbon with a silicon atom (DTS-Tz) to improve the PCE of the PSCs from 2.7% to 4.7% [17] . Chart 1. Dithienometallole-and dibenzogermole-based polymers. 3 Recently, we prepared the first dithienogermole-containing D-A-type polymer (DTG-BTA) (Chart 1), that features repeating units of dithienogermole and benzothiadiazole in hopes that the replacement of the silicon with a heavier germanium atom would lead to better intermolecular interaction in the solid state and thus higher crystallinity. As expected, the polymer showed broad absorption spectra with an absorption edge at approximately 850 nm and was used in the manufacture of BHJ-type PSC by blending with PC 70 BM [18] .
Although the PSC showed a clear photovoltaic response, PCE was 1.2%, which was lower than that of DTS-BTA, and this was primarily ascribed to the low J sc of the PSC with DTG-BTA. A similar dibenzogermole-based polymer DBG-TBT was prepared by Leclerc and coworkers, and the blend film of DBG-TBT with PC 70 BM showed photovoltaic application with PCE of 2.8% (Chart 1) [19] .
To develop DTG-based host polymers for PSCs that would improve the performance of PSCs, dithienylbenzothiadiazole and dithienylthiazolothiazole moieties were introduced into the backbone as acceptor units and their photovoltaic properties were investigated when blended with PC 70 BM. The more expanded conjugation of the acceptor unit TBT than BTA is expected to enhance polymer interchain interaction in the solid state, thus increasing current density.
Experimental

Materials
All reactions were carried out in dry nitrogen or argon. Tetrahydrofuran (THF) and ether were distilled from sodium/benzophenone, whereas chlorobenzene was distilled from calcium hydride. These solvents were stored over activated molecular sieves until use. Monomers, DTGSn 2 [18] , 3,6-bis(5-bromo-2-thienyl)benzo [3.4] thiaziazole [20] , and 2,5-bis(5-bromo-4-hexyl-2-thiophenyl)thiazolo [5,4-d] thiazole [21] were prepared according to the method in the literature. 
Characterization
PSC fabrication and evaluation
The polymer photovoltaic devices were fabricated with a typical sandwich structure of carried out in an ambient environment. Incident photon-to-current conversion efficiency (IPCE) was measured as a function of wavelength from 300 to 900 nm with a halogen lamp as the light source, and calibration was performed with a silicon reference photodiode.
Thickness of the thin film was measured with a Veeco Dektak 8 surface profilometer with an accuracy of ± 5 nm.
Polymer synthesis
In 7 mL of chlorobenzene were dissolved 4,7-bis ( 
Results and discussion
The DTG-polymers were prepared under the conditions that were optimized for the preparation of DTG-BTA, utilizing the CuO-modified Stille coupling reactions [22] of Table 1 .
Scheme 1. Synthesis of DTG-based polymers.
The UV-vis absorption spectra of the present DTG-based polymers in chloroform and as solid thin films prepared by spin-coating are shown in Figure 2a and the absorption wavelengths are listed in Table 1 . In chloroform, DTG-TBT shows an absorption 7 maximum at 585 nm, which appears at a higher energy than that of DTS-TBT (ca. 630 nm)
as reported in the literature [12] . In film, the absorption band shifts to a longer wavelength (λ max = 620 nm). Although this still appears at a higher energy than that of DTS-TBT in film (650 nm), the difference in absorption maxima of DTG-TBT depending on the conditions, Δλ max = (λ max in film -λ max in chloroform) = 35 nm, is larger than that of DTS-TBT (Δλ max = 20 nm), indicating the strong interchain interaction of DTG-TBT in the solid state. As reported previously, the UV spectra of DTG-BTA always showed broad absorption maxima at 651 nm and 687 nm in chloroform and as film, respectively, and the absorption maxima were longer than those of the present DTG-TBT [18] . (Table 1) . They are very similar to those reported for DTS-TBT (1.51-1.53 eV) [12] and DTS-Tz (1.83 eV) [17] . The CV measurements were carried out for the DTG- . Diiodooctane, which is often used as a 8 processing additive to control phase separation, was added for the spin-coating of the blend films [25] . In fact, when diiodooctane was not used, the power conversion efficiency (PCE)
of the DTG-BTA-based cell [18] dropped to approximately a half of that prepared using iiodooctane. No annealing was applied. The typical J-V characteristics and the IPCE plots of the devices are depicted in Figure 4 . As summarized in Table 2 Table 2 ) [18] , in spite of that DTG-BTA shows more extended conjugation as evidenced by the longer λ max (651 nm in chloroform and 687 nm in film). This is probably due to the enhanced interchain interaction in DTG-TBT and DTG-Tz.
The IPCE of the PSCs start to increases around 730 nm and 810 nm, and reach 27 % at 460 nm and 35 % at 600 nm for DTG-TBT and DTG-Tz, respectively as shown in Figure 4b .
The PCEs of similar PSCs with DTS-TBT and DTS-Tz were reported to be higher (3.43% and 4.7%) than those of the present PSCs, due to the higher current density (10.67 and 11.8 mA/cm 2 ) for the DTS-based PSCs [12, 17] .
Conclusions
We have designed and synthesized new DTG-based low-band gap polymers composed of relatively electron-rich DTG units and electron-deficient benzothiadiazole or thiazolothiazole units in the backbone. DTG-TBT and DTG-Tz polymers show broad absorptions covering 300 nm to 700-800 nm with the optical band gaps of 1.60 and 1.80 eV for DTG-TBT and DTG-Tz, respectively. They feature good thermal stability and good solubility in common organic solvents as well as high photovoltaic performance when blended with PC 70 BM, 9 compared with the previously reported DTG-benzothiadiazole polymer (DTG-BTA).
However, the PCEs are still lower than those of PSCs fabricated with the DTS analogues, due to the lower current density. Current density may be improved by increasing polymer molecular weights. Optimization of the polymer structures by tuning the substituents may also influence polymer packing structures in films, thereby improving the current density.
Further studies to improve the performance of the present DTG-based PSCs are under way. Voltage/V
